We performed high-resolution allelotyping for loss of heterozygosity (LOH) analysis on microdissected samples from 45 primary breast cancers, 47 mammary preneoplastic epithelial foci, and 18 breast cancer cell lines, using a panel of 27 polymorphic chromosome 3p markers. Allele loss in some regions of chromosome 3p was detected in 39 of 45 (87%) primary breast tumors. The 3p21.3 region had the highest frequency of LOH (69%), followed by 3p22-24 (61%), 3p21.2-21.3 (58%), 3p25 (48%), 3p14.2 (45%), 3p14.3 (41%), and 3p12 (35%). Analysis of all of the data revealed at least nine discrete intervals showing frequent allele loss: D3S1511-D3S1284 (U2020/DUTT1 region centered on D3S1274 with a homozygous deletion), D3S1300-D3S1234 [fragile histidine triad (FHIT)/FRA3B region centered on D3S1300 with a homozygous deletion], D3S1076-D3S1573, D3S4624/ Luca2.1-D3S4597/P1.5, D3S1478-D3S1029, D3S1029 (with a homozygous deletion), D3S1612-D3S1537, D3S1293-D3S1597, and D3S1597-telomere; it is more than likely that additional localized regions of LOH not examined in this study also exist on chromosome 3p. In multiple cases, there was discontinuous allele loss at several 3p sites in the same tumor. Twenty-one of 47 (45%) preneoplastic lesions demonstrated 3p LOH, including 12 of 13 (92%) ductal carcinoma in situ, 2 of 7 (29%) apocrine metaplasia, and 7 of 25 (28%) usual epithelial hyperplasia. The 3p21.3 region had the highest frequency of LOH in preneoplastic breast epithelium (36%), followed by 3p21.2-21. 1 Epidemiological studies have identified several putative precursor lesions of IBC such as usual ductal hyperplasia (UEH), atypical ductal hyperplasia (ADH), and ductal carcinoma in situ (DCIS).
We performed high-resolution allelotyping for loss of heterozygosity (LOH) analysis on microdissected samples from 45 primary breast cancers, 47 mammary preneoplastic epithelial foci, and 18 breast cancer cell lines, using a panel of 27 polymorphic chromosome 3p markers. Allele loss in some regions of chromosome 3p was detected in 39 of 45 (87%) primary breast tumors. The 3p21.3 region had the highest frequency of LOH (69%), followed by 3p22-24 (61%), 3p21.2-21.3 (58%), 3p25 (48%), 3p14.2 (45%), 3p14.3 (41%), and 3p12 (35%). Analysis of all of the data revealed at least nine discrete intervals showing frequent allele loss: D3S1511-D3S1284 (U2020/DUTT1 region centered on D3S1274 with a homozygous deletion), D3S1300-D3S1234 [fragile histidine triad (FHIT)/FRA3B region centered on D3S1300 with a homozygous deletion], D3S1076-D3S1573, D3S4624/ Luca2.1-D3S4597/P1.5, D3S1478-D3S1029, D3S1029 (with a homozygous deletion), D3S1612-D3S1537, D3S1293-D3S1597, and D3S1597-telomere; it is more than likely that additional localized regions of LOH not examined in this study also exist on chromosome 3p. In multiple cases, there was discontinuous allele loss at several 3p sites in the same tumor. Twenty-one of 47 (45%) preneoplastic lesions demonstrated 3p LOH, including 12 of 13 (92%) ductal carcinoma in situ, 2 of 7 (29%) apocrine metaplasia, and 7 of 25 (28%) usual epithelial hyperplasia. The 3p21.3 region had the highest frequency of LOH in preneoplastic breast epithelium (36%), followed by 3p21.2-21.3 (20%), 3p14.2/FHIT region (11%), 3p25 (10%), and 3p22-24 (5%). In 39 3p loci showing LOH in both the tumor and accompanying preneoplasia, 34 (87%) showed loss of the same parental allele (P ‫؍‬ 1.2 ؋
10
؊6 , cumulative binomial test). In addition, when 21 preneoplastic samples showing LOH were compared to their accompanying cancers, 67% were clonally related, 20% were potentially clonally related but were divergent, and 13% were clonally unrelated. Overall this demonstrated the high likelihood of clonal relatedness of the preneoplastic foci to the tumors. We conclude that: chromosome 3p allele loss is a common event in breast carcinoma pathogenesis; involves multiple, localized sites that often show discontinuous LOH with intervening markers retaining heterozygosity; and is seen in early preneoplastic stages, which demonstrate clonal relatedness to the invasive cancer. An estimated 182,800 new cases of invasive breast cancer (IBC) and 40,000 breast cancer-related deaths are expected to occur among women in the United States during 2000. 1 Epidemiological studies have identified several putative precursor lesions of IBC such as usual ductal hyperplasia (UEH), atypical ductal hyperplasia (ADH), and ductal carcinoma in situ (DCIS). 2 Many of the molecular abnormalities found in IBC are also seen in these precursor lesions, [3] [4] [5] supporting the notion that breast cancer, like other epithelial tumors, develops by a stepwise accumulation of genetic hits. Although DCIS shares most of the genetic alterations seen in IBC, it lacks the ability to invade and metastasize and is thus considered within the spectrum of preneoplastic breast disease. 5 The biology of other histological entities found in breasts with IBC, such as apocrine metaplasia (AM), is less well defined and most experts would be reticent to refer to these lesions as "preneoplastic." However, as we will see, our molecular analysis shows that even these lesions, hitherto considered benign, do reveal clonal 3p genetic abnormalities similar to those found in the adjacent IBC. Therefore all non-IBC foci analyzed in this study [UEH, AM, DCIS, and intraductal papilloma (IDP)] will be henceforth arbitrarily referred to as "preneoplastic" foci.
Numerous putative tumor suppressor genes (TSGs) have been implicated in the multistage pathogenesis of breast cancers. Approximately 10 to 15% of breast cancers have a strong familial tendency, appearing in a younger subset of women than the general population. 6, 7 Linkage studies in these families have led to the isolation of two breast cancer susceptibility genes-BRCA1 (for BReast CAncer 1) on chromosome 17q21 8 and BRCA2 on chromosome 13q12-13. 9 More than 20 other chromosomal regions have been implicated in breast cancer pathogenesis by virtue of exhibiting LOH, including 17p13 (the p53 locus), 11q23 (the ataxia telangiectasia gene, ATM, locus), 1p36, 4q32-qter, 8p12-21, and 16q12-25, underscoring the genetic diversity of IBC. 10 -12 Loss of heterozygosity (LOH) involving polymorphic markers on the short arm of chromosome 3 is a frequently observed genetic alteration in a variety of human epithelial tumors. [13] [14] [15] This phenomenon was first detected in lung cancers by cytogenetic analysis showing 3p deletions, 16 -18 and later confirmed by allele loss and/or comparative genome hybridization studies in breast, lung, bladder, cervix, and colon cancers. 13,14,19 -21 27 In a few cases, 3p alterations also have been detected in benign breast epithelium, by LOH analysis 28, 29 or cytogenetic studies, 30, 31 suggesting that these changes may occur in the development of breast cancer.
To further understand and clarify the role of chromosome 3p allele loss in the pathogenesis of breast cancer, and to more precisely identify TSG candidate targets for positional cloning efforts, we performed a detailed allelotyping analysis of the entire chromosome 3p arm using 27 microsatellite markers. We studied 45 primary breast tumors, which included 18 tumors used to establish breast cancer cell lines as well as the breast cancer cell lines themselves. Additionally we studied 47 preneoplastic epithelial lesions accompanying these tumors. These encompassed a variety of histologies such as UEH, AM, IDP, and DCIS. We found that a high proportion of primary breast cancers and preneoplastic lesions show 3p allele loss, which often occurs in a discontinuous pattern of involvement, implicating multiple discrete 3p loci. We have also found that the preneoplastic foci could be clonally related to the IBCs from the same individual. These findings confirm and significantly extend previous analysis of chromosome region 3p in breast cancer pathogenesis.
Materials and Methods

Archival Tumor Specimens
Paraffin-embedded materials from 45 surgically resected primary breast carcinomas (1992 to 1998) were retrieved from the surgical pathology archives of University of Texas Southwestern Medical Center, Dallas, TX, and screened for breast cancer histology and preneoplastic lesions by five pathologists on the panel (AM, IIW, RA, SM, and AFG). The clinicopathological features, extracted from the patient charts, are summarized in Table  1 . Serial 5-m sections were cut from archival, formalinfixed, paraffin-embedded tissue. All slides were stained with hematoxylin and eosin, and one of the slides was coverslipped. The coverslipped slide was used as a guide to localize regions of interest for microdissection of the other slides. In addition to the tumors, 47 preneoplastic epithelial foci were microdissected from 18 of those cases in which adequate noncancerous breast parenchyma was available. Classified by histology, these included 13 DCIS, 2 IDP, 7 AM, and 25 UEH.
Cell Line Specimens
Eighteen of the 45 primary tumors were successfully cultured and the corresponding tumor cell lines were also studied as previously described. 32, 33 The clinicopathological features of these 18 cell lines have been previously reviewed. 32, 33 All of the breast cancer cell lines as well as the BL lines were initiated by the authors or co-workers at the Hamon Center for Therapeutic Oncology Research, Dallas, TX (HCCxxxx lines). Cells were grown in RPMI 1640 medium supplemented with 5% fetal bovine serum and DNA was prepared by standard methods. As previously reported, there is a high degree of concordance in genetic abnormalities between the breast cancer cell lines and the corresponding primary tumors. 33 Because of the high frequency concordance in genetic abnormalities between the 18 breast cancer cell lines and primary tumors, the data on breast tumors is used in the analyses unless otherwise stated.
Microdissection and DNA Extraction
Microdissection from archival paraffin-embedded tissues was performed by laser capture microdissection (PixCell II apparatus; Arcturus Engineering, Inc, Mountain View, CA) 34 from multiple microslides of each sample. The number of microdissected nuclei was approximated from the diameter of the laser beam (30 to 60 m) used for microdissection. DNA extraction was performed as previously described (Figure 1) . 35 Dissected lymphocytes from histologically uninvolved axillary lymph nodes or stromal cells from the breast were used as a source of constitutional DNA from each case. After DNA extraction, 5 l of the proteinase K-digested samples, containing DNA from at least 100 nuclei, were used for each multiplex polymerase chain reaction (PCR) reaction. To prevent artifactual LOH from less than optimal quantities of DNA, 36 equivalent numbers of nuclei from tumors and preneoplastic lesions was used in each PCR multiplex.
Polymorphic DNA Markers and PCR-LOH Analysis
To evaluate LOH, we used primers flanking dinucleotide and multinucleotide microsatellite repeat polymorphisms spanning the entire chromosome 3p arm ( Figure 2 ).
Twenty-one of 27 polymorphic markers used were distributed as follows: 3p12 (D3S1511, D3S1274, D3S1284),
, and 3p25 (D3S1111, D3S1597, D3S1351). Primer sequences were obtained from the Genome Database for all these markers. We recently reported 22 new polymorphic loci in the 3p21.3 region, using the genomic DNA sequence of a 630-kb (cosmid and P1 phage) clone contig 37 covering the 120-kb deletion overlap region at 3p21.3 27 and a novel computational system for the prediction of human polymorphisms. 38 A subset of six polymorphic markers from within this 600-kb region at 3p21.3 (D3S4597/P1.5, D3S4604/Luca19.1, D3S4614/Luca8.2, D3S4622/Luca4.1, D3S4623/Luca2.2, and D3S4624/Luca2.1) suitable for paraffin-embedded tissues were used in our study. 13 For cell lines, PCR-LOH analysis was performed directly on genomic DNA as described, 39 whereas for microdissected samples a two-round PCR strategy was used as previously described. 35 LOH was scored by visual detection of complete absence of one allele in autoradiographs. Microsatellite alterations were identified by shift in the mobility of one tumor allele compared to the constitutional alleles, irrespective of the presence of LOH. All of the data were put into an Excel spreadsheet and analyzed with our own software constructed in Mi- crosoft Visual Basic (available on request) designed to facilitate color formatting and visualization of the data as shown. The fractional allele loss (FAL) index, which is the measure of LOH for all chromosomal loci, was calculated for each individual sample as follows:
Total number of chromosomal loci with LOH Total number of informative loci examined
Ploidy and Immunohistochemical Analyses
Ploidy and immunohistochemical analyses were performed on archival tissue specimens, as previously described. 33, 40 Immunohistochemical analyses was performed using primary mouse monoclonal antibodies for estrogen receptor (dilution 1:160; DAKO Corp., Carpinteria, CA), progesterone receptor (dilution 1:200; Zymed Laboratories Inc., South San Francisco, CA), Her-2/neu (AO485, dilution 1:14,400; DAKO), and Fhit (clone ZR44, dilution 1:200; Zymed). Immunostaining was performed using the Biotek automated immunostainer (Ventana, Tucson, AZ) using a standard avidin-biotin immunoperoxidase method. We have previously reported the scoring criteria for estrogen receptor, progesterone receptor, and Her-2/neu. 33, 40 For Fhit, a three-tier-scoring scheme was used, as previously described. 41 Briefly, immunoreactivity was scored as 0 to 4ϩ for percentage of cells showing positive expression, and as 0 to 3ϩ for intensity of expression. A combined score was generated with 0 to 4 being designated "low," 6 to 8 as "intermediate," and 9 to 12 as "high" levels of expression.
Statistical Analyses
The cumulative binomial test 42 was used to examine the likelihood that the occurrence of a particular event (eg, loss of the same parental allele in the IBC and an associated preneoplastic epithelial sample) would occur at a particular probability when observed in repeated trials. Fisher's exact test was used to examine the probability of two events (eg, allele loss at 3p14.2 and loss of Fhit expression) occurring by chance alone. To increase the stringency of comparison for chance occurrence versus nonoccurrence, a probability value of P Ͻ 0.01 was regarded as statistically significant.
Results
The Majority of Primary Breast Cancers Demonstrate 3p Allele Loss
Thirty-nine of 45 (87%) primary breast cancers had LOH at one or more 3p loci (Figures 3 and 4) . The mean FAL index for the tumors was 0.4 (range, 0-1.0). The 3p21.3 region had the highest frequency of LOH (69%), followed Chromosome 3p allelotyping analysis of 45 primary breast cancers using 27 microsatellite markers. Blue box, LOH; green box, heterozygous; gray box, marker tested but not informative (homozygous in the normal DNA); and hatched box, microsatellite alteration with or without LOH. The yellow box marks the D3S1511-D3S1284 interval overlapping with the U2020/DUTT1 homozygous deletion in 3p12, the red box marks the D3S1300-D3S1234 interval corresponding to the FHIT gene locus on 3p14.2, the pink box marks the D3S4624-D3S4597 interval that overlaps with the 630-kb homozygous deletion in the 3p21.3 region, and the orange box marks the D3S1293-D3S2432 interval at the RAR␤ locus. The data were analyzed with Visual Basic software in Excel spreadsheets and sorted horizontally as to descending order of the number of allele losses present in each primary tumor.
by 3p22-24 (61%), 3p21.2-21.3 (58%), 3p25 (48%), 3p14.2 (45%), 3p14.3 (41%), and 3p12 (35%) ( Table 2) . Fifty percent of the tumors showed LOH of at least one marker in the 3p21.3 630-kb region that encompasses the breast and small-cell lung cancer overlapping homozygous deletions. 27, 40, 43, 44 Of note, most primary tumors had discontinuous LOH with regions of 3p allele loss (blue boxes) separated by intervening regions of retention of heterozygosity (green boxes) (Figure 3 ). For purposes of discussion, we refer to the junctions between the blue and green boxes as "breakpoints." These junctions could occur by either physical deletion and/or by mitotic recombination. We emphasize, our use of the term "breakpoint" does not imply a mechanism but only refers to the detection of juxtaposed regions of allele retention and allele loss (see Discussion).
Analyses of the data from 45 primary tumors using 27 polymorphic markers revealed at least 9 discrete intervals of localized allele loss: D3S1511-D3S1284 (U2020/ DUTT1 region centered on D3S1274), D3S1300-D3S1234 (FHIT/FRA3B region centered on D3S1300), D3S1076-D3S1573, D3S4624/Luca2.1-D3S4597/P1.5, D3S1478-D3S1029, D3S1029, D3S1612-D3S1537, D3S1293-D3S1597, and D3S1597-telomere ( Figure 4 and Table 3 ). In view of the discontinuous pattern of LOH on chromosome 3p, it is more than likely that additional sites of localized losses also exist for polymorphic marker intervals not examined in this study.
Thirteen of 18 (72%) breast cell lines demonstrated one or more locus of LOH at chromosome 3p, with a mean FAL index of 0.5 (0 to 1.0). Of 282 informative loci, 259 (92%) showed either retention of heterozygosity or LOH in both cell lines and primary tumors. In all cases in which both the cell line and corresponding tumor showed LOH, the loss was in the identical parental allele. In 20 of 23 discordant events, a genetic alteration was found in the cell line but not in the primary tumor. These could represent a new genetic alteration occurring during tissue culture, or outgrowth of a clone of cells representing a subset of the primary tumor. The tumor cell lines also allowed detection of three homozygous deletions centered on D3S1274 (U2020/DUTT1 region), 31 D3S1300 (FRA3B/FHIT region) 19 and D3S1029 ( Figure 5 ). For breast cancer cell line HCC1500, an additional homozygous deletion of the 3p21.3 RASSFIA region with sequencing of the breakpoint junction has been reported. 27 
Relative Frequency of LOH at 3p in Preneoplastic Breast Lesions Parallels Invasive Tumors, Shows Allele-Specific Mutation, and Is Often Clonally Related to the Invasive Tumor
Forty-seven preneoplastic lesions in resection specimens of 18 breast cancers were analyzed for allele losses on chromosome 3p, with one to eight separate epithelial foci examined in any given case. Because the amount of tissue amenable to microdissection from preneoplastic foci is often small, we examined only 13 of the 27 polymorphic markers on chromosome 3p that we could readily amplify using multiplex technology (Figures 6 and  7) . These included the five chromosomal regions 3p14.2 (D3S1300, D3S4103), 3p21.2-21.3 (D3S1076, D3S1582, ITIH-1), 3p21.3 (D3S4624/Luca2.1, D3S4622/Luca 4.1, D3S4597/P1.5, D3S1447, D3S1478, D3S1029), 3p22-24 (D3S1612), and 3p25 (D3S1597). Twenty-one of 47 (45%) preneoplastic lesions had 3p LOH, with a mean FAL index of 0.21 (range, 0 to 1.0). LOH of at least one 3p locus was seen in 12 of 13 (92%) DCIS, 2 of 7 (29%) AM, and 7 of 25 (28%) UEH. Thus, LOH on chromosome 3p was seen in some of the earliest stages of preneoplastic breast epithelium, including AM and UEH. AM is usually not associated with an increased risk of subsequent breast cancer, unlike the other components of prolifera- tive breast disease such as UEH or ADH. LOH in AM adjacent to cancers is a recently observed phenomenon, 45 and may reflect a better ability from microdissection to enrich the cells of interest for allelotyping.
The relative frequency of LOH in preneoplastic epithelium usually paralleled those seen in primary tumors at the various chromosome 3p regions tested. The 3p21.3 region had the highest frequency of LOH in preneoplastic breast epithelium (36%). Less frequent LOH were also detected in 3p21.2-21.3 (20%), 3p14.2/FHIT region (11%), 3p25 (10%), and 3p22-24 (5%) ( Table 2) . Interestingly, two of two AM and four of seven UEH with 3p LOH had loss at the D3S1029 locus, a marker that is also altered in a high proportion of IBCs. Other 3p21.3 polymorphic loci tested (D3S1447, D3S1478, D3S4624Luca 2.1, D3S4622/Luca 4.1, and D3S4597/P1.5) also demonstrated LOH in one or more UEH foci. By contrast, some regions such as 3p14.2 (D3S1300 and D3S4103) and 3p25 (D3S1597) usually showed LOH at the stage of DCIS or invasive cancer. This pattern is identical to the sequence observed in the stages of histological progression in bronchial epithelium, 13 where 3p21.3 LOH is seen in normal or mildly abnormal epithelium, whereas 3p14.2 or 3p25 LOH is usually seen at the stage of dysplasia or CIS. Alternatively, the higher frequency of LOH at 3p21.3 could be a methodological bias introduced by testing for a higher number of markers (n ϭ 6) than either 3p14.2 (n ϭ 2) or 3p25 (n ϭ 1). In either case, a conceivable argument can be made that LOH at 3p21.3 represents one of the earliest changes in preneoplastic epithelium.
Thirty-nine of 45 (87%) informative loci showed LOH in both the tumor and its corresponding preneoplastic lesion, whereas in 6 of 45 (13%) loci only the preneoplastic epithelium showed LOH. Of the 39 informative loci demonstrating LOH in both tumor and preneoplasia, 34 (87%) showed loss of the same parental allele, a phenomenon previously described by us as "allele-specific mutation." 46 Using the cumulative binomial test, the probability of this occurring by chance alone is 1.2 ϫ 10
Ϫ6
, making it highly unlikely that allele-specific mutation at chromosome 3p is a random event. Although the mechanism of allele-specific mutation remains unknown, this phenomenon has also been demonstrated with other tumors such as lung carcinomas and their associated preneoplastic foci. 13 Several possibilities have been suggested such as seeding of multiple sites in epithelium at risk with a common progenitor clone, 47 inherited (eg, polymorphic) differences in allele susceptibility to loss, 48 and potential epigenetic differences in alleles that arise during development (eg, methylation) that might predispose one to preferential loss.
We further examined the possibility of whether any of the preneoplastic lesions could be clonally related to the corresponding invasive tumor, which may explain the phenomenon of allele-specific mutation. We defined three categories of lesions with respect to the genetic alterations in the tumor: clonally related (preneoplasia showing identical genetic losses as the tumor, with or without additional LOH in the latter); clonally divergent (preneoplasia and tumor showing both identical and discordant genetic losses); and clonally unrelated (preneoplasia and tumor having completely discordant LOH). This definition was made with the understanding that the categories are not absolute, and reflects the results of molecular analysis involving 13 polymorphic loci on a single chromosome arm. In other words, a preneoplastic lesion that appears clonally unrelated in our analysis may actually represent an example of clonal divergence if other chromosomal loci were also examined. We found that of the 21 of 45 preneoplastic lesions demonstrating LOH, 14 (67%) were clonally related to the invasive tumor, 5 (20%) were clonally divergent, and only 2 were clonally unrelated. Thus, the majority of preneoplastic epithelial foci (19 of 21) could potentially have emerged from the same clone as the corresponding breast tumor, with or without clonal divergence during multistage progression. Chromosome 3p allelotyping analysis of 18 breast cancer cell lines using 27 microsatellite markers. Blue box, LOH; green box with "H", homozygous deletion; green box, heterozygous; gray box, marker tested but not informative (homozygous in the normal DNA); and hatched box, microsatellite alteration with or without LOH. The yellow box marks the D3S1511-D3S1284 interval overlapping with the U2020/DUTT1 homozygous deletion in 3p12, the red box marks the D3S1300-D3S1234 interval corresponding to the FHIT gene locus on 3p14.2, the pink box marks the D3S4624-D3S4597 interval that overlaps with the 630-kb homozygous deletion in the 3p21.3 region, and the orange box marks the D3S1293-D3S2432 interval at the RAR␤ locus. The data were analyzed with Visual Basic software in Excel spreadsheets and sorted horizontally as to descending order of the number of allele losses present in each tumor line. The tumor cell lines are indicated above. Please note that for HCC1500, in addition to the homozygous deletion of D3S1029, we previously have reported on another interstitial homozygous deletion in the 630-kb region with sequencing of the breakpoint junction.
LOH in Individual 3p Regions Correlates with other Clinicopathological Parameters
There were no statistically significant associations between 3p LOH and numerous clinicopathological variables, including histological grade of tumor, presence or absence of axillary lymph node metastasis, estrogen and progesterone receptor expression, and DNA ploidy. However when the comparisons were made for the individual 3p regions, there was a statistically significant correlation between loss of progesterone receptor expression and LOH at 3p25 (P ϭ 0.006) and poor histological grade and LOH at 3p22-24 (P ϭ 0.009). Loss of Fhit expression by immunohistochemistry was significantly correlated with LOH at the 3p14.2 FRA3B/FHIT locus (P ϭ 0.004). Because of the small numbers of cases, most of which had limited follow-up, we did not correlate LOH at 3p with survival.
Discussion
LOH analysis provides information on genetic alterations in tumors and their preneoplastic lesions, as well as for the purposes of localizing sites of potential TSGs, that can be subsequently isolated by positional cloning efforts. We were able to refine the extent of genetic alterations at chromosome 3p in breast cancer pathogenesis by a combination of microdissection of tumors and preneoplastic lesions and use of multiple polymorphic markers for the LOH analysis. With the use of microdissected material, the scoring of LOH in our series was unambiguous. For example, Sato and colleagues 25 reported LOH at 3p in 47% of 219 tumors analyzed by restriction fragment length polymorphism, whereas Matsumoto and colleagues 22 reported a frequency of 52% 3p LOH in 196 tumors analyzed by conventional allelotyping; both studies had used nonenriched frozen tumor tissue, which may explain the lower frequency of 3p LOH than in the current study (87%), where microdissected material was used. Additionally, Matsumoto and colleagues 22 were able to define only two noncontiguous regions of frequent LOH in their analysis (3p24.3-25.1 and 3p14.2-21.2), as compared to the current study, where we found multiple regions of LOH that are frequently, and often independently, lost in breast carcinomas. Analysis of our 3p allelotyping data pooled together from all of the specimens showed the LOH patterns were complex with at least nine discrete intervals and many chromosome 3p breakpoints (discontinuous regions of LOH). These results are nearly identical to those found in lung cancer. 13 It is not certain however whether all or some of these localized regions harbor TSGs; an alternative explanation could be that these regions represent areas of increased fragility that undergo LOH under the influence of circumstances that promote chromosome breakage. . Chromosome 3p allelotyping analysis of 47 preneoplastic mammary epithelial foci and corresponding primary tumor (18 cases) using 13 microsatellite markers. Blue box, LOH; green box, heterozygous; gray box, marker tested but not informative (homozygous in the normal DNA); and hatched box, microsatellite alteration with or without LOH. The cases and their associated preneoplastic lesions are sorted in increasing order by the case number assigned to the corresponding tumors (as given in Figure 3 ). In each individual epithelial focus analyzed, the case number and corresponding histology are indicated above the columns. T, tumor. Because we have been interested in isolating potential TSGs in the critical 3p21.3 region, an attempt was made to determine whether high-resolution allelotyping could further narrow the areas of interest for positional cloning. We 49 and Dammann and colleagues 50 have recently characterized an isoform of a human RAS effector homologue (termed RASSF1A) located in the previously described 3p21.3 120-kb minimal homozygous deletion region in breast and lung cancers, that undergoes epigenetic inactivation by promoter methylation in 100% of small-cell lung cancers, more than a third of non-smallcell lung cancers and 49% of primary breast cancers. In addition, we showed loss of expression of RASSF1A in breast cancer cell lines and primary breast tumors, with retention in normal breast epithelium. 49 Because the 3p21.3 region shows LOH of the other parental allele in the majority of lung 13 carcinomas, RASSF1A fulfills Knudson's two-hit hypothesis of a recessive TSG, even in the absence of demonstrable mutations. Twenty-two of 39 breast carcinomas (56%) with 3p LOH had breakpoints in the 3p21.3 region, and 14 of the 22 breakpoints (64%) were consistent with the presence of TSG(s) in the 120-kb minimal deletion region containing RASSF1A. The presence of frequent LOH and breakpoints in breast cancers within the 3p21.3 region is not surprising, considering that as many as 19 putative TSGs are currently being evaluated in this region for their potential role in carcinogenesis. 51 The polymorphic marker D3S1029, also located within the 3p21.3 region, showed allele losses in 50% of breast carcinomas, including several examples of localized allele losses, and was also homozygously deleted in the breast cancer cell line HCC1500. The HCC1500 homozygous deletion at D3S1029 is noncontiguous and discrete from the previously described 120-kb 3p21.3 deletion in this same tumor, 27 and indicates a new 3p21.3 area for a potential TSG that may be inactivated in breast tumorigenesis. Kholodnyuk and colleagues 52 have previously reported that the D3S1029 marker is located within a 7-cM common eliminated region within SCID mouse-derived tumors from human-mouse microcell hybrids. In a subsequent analysis, the authors localized the common eliminated region containing D3S1029 to a 1.6-cM interval that was telomeric to the 3p21.3 120-kb minimal deletion region in breast and small-cell lung cancers. 53 In summary, our allelotyping data emphasizes that there are several potential TSGs in the 3p21.3 region, some of which have been cloned and are under active investigation, 51 whereas others (particularly at the D3S1029 locus) merit further study. The completion of the human genome effort should aid in this search particularly in combination with new informatics approaches for gene discovery and analysis. 38, 51 Besides the 3p21.3 region, we detected a high frequency of LOH in three regions previously known to harbor putative TSGs. The 3p12 region bordered by the markers D3S1511-D3S1284, and centered on the HCC38 D3S1274 homozygous deletion, overlaps with the previously reported 8-Mb U2020 small-cell lung cancer cell line deletion. 26 Recently, a new candidate TSG, DUTT1, has been cloned residing in the U2020/HCC38 3p12 deletion region at D3S1274. 26 However, its tumor suppressing activity and protein expression patterns in tumors are unknown. The 3p14.2 region, bordered by the markers D3S1300-D3S1234, is the locus of one of the most extensively studied TSGs on chromosome 3p-the fragile histidine triad (FHIT) gene located in the aphidicolin-sensitive FRA3B fragile site at 3p14.2. 15, 54, 55 Abnormalities of the FHIT gene have been detected in breast cancer cell lines, primary tumors, and preneoplastic lesions at both the genomic and expression levels. 19, 22, 56, 57 Several studies have shown loss of expression of Fhit protein in 50 to 75% of breast cancers, 56 -58 and loss of Fhit expression has been shown to correlate with established clinicopathological parameters such as increased proliferation and larger tumor size. 57 We detected LOH at 3p14.2 in 45% of IBCs, and found a statistically significant correlation between LOH at 3p14.2 and down-regulation of Fhit expression (P ϭ 0.004). Finally, the 3p25 region, defined by the interval D3S1111-D3S1351, showed LOH in 48% of tumors, and has been previously implicated as a site of frequent deletions in IBCs. 22, 23 LOH in this region has been reported to have a significantly adverse effect on postoperative survival. 59 It is not clear which gene is the target of inactivation in these deletions, because the best characterized TSG at this locus, the Von Hippel Lindau (VHL) gene, 60 is mutated virtually exclusively in renal cell carcinomas. It may be possible that the VHL gene or another putative TSG also undergoes inactivation by the increasingly apparent epigenetic pathway of promoter methylation rather than mutation, but this remains to be determined.
In addition to the four regions of frequent LOH on 3p discussed above, we also found two novel regions that have not been well described in the context of IBCs, but which were found to be deleted in a high proportion of our microdissected tumors. The first is the 3p22-24 region, defined by the markers D3S1612-D3S1293, which showed LOH in 61% of IBCs. One candidate TSG in this region-the retinoic acid receptor-␤2 (RAR-␤2) gene located at 3p24 -undergoes inactivation by allele loss or promoter methylation in virtually all small-cell lung cancers, the majority of non-small-cell lung cancers, 61 and up to 40% of breast cancers. 62 The second region lies within the centromeric 3p21.2-21.3 region, defined by the interval D3S1076-D3S1573, which showed LOH in 58% of IBCs. A significant proportion of both small-cell and non-small-cell lung carcinomas, as well as their preneoplastic lesions demonstrate LOH at 3p21.2-21.3. 13 The probe D3S2 that is reported to be homozygously deleted in a primary breast cancer also localizes to this region, 63 and human-mouse microcell hybrids have demonstrated this region to be a common eliminated region in SCIDderived tumors. 52 Currently, no definitive TSG(s) has been identified in this region.
Although it is tempting to speculate that these discrete areas may harbor one or more TSG(s) critical in carcinogenesis, an alternative argument that needs to be addressed is whether these discontinuous breaks merely represent mutational predisposition. 64 It has been shown in cohorts of hereditary breast cancer patients with germline BRCA2 mutations that LOH at 3p14.2 (ie, the FHIT/ FRA3B locus) are more frequent than in sporadic tumors. 58 This has been used to foster the argument that the increased frequency of LOH in these patients arise not from selection but from a generalized defect of DNA damage repair caused by BRCA2 mutations. Similarly, recent reports of whole genome allelotyping in breast cancers has shown that tumors with defective doublestrand break repair have a higher frequency of doublestrand break-induced chromosomal instability. 11 The double-strand break-induced chromosome breakage is considered central to the pathway for genomic deletion or mitotic recombination leading to LOH. 65, 66 In the context of lung carcinomas, it has been convincingly demonstrated that chromosome 3p undergoes frequent discontinuous LOH, 13 and the stimulus for double-strand break is presumed to be oxidative damage from environmental causes, most importantly cigarette smoking. 67 For breast epithelium, it is possible that the reproductive hormone estrogen and/or its metabolites function as carcinogenic stimuli, 68, 69 by induction of oxidative damage and depurination, potentially resulting in clustered abasic sites on both DNA strands, and subsequent formation of double-strand breaks. 70 Additionally, the recent demonstration of tumor-specific promoter methylation in several putative TSGs located within these frequent breakpoint regions, 50, 61 and the absence of promoter methylation in corresponding normal tissue also suggests a causal role in tumor promotion or tumor initiation for chromosome 3p LOH. Thus, although mutational predisposition from defective double-strand break-repair combined with exposure to oxidative damage may turn out to be the common underlying pathway by which discontinuous fragile regions in the human genome (such as on chromosome 3p) undergo damage, it does not by itself detract from the downstream consequences of losing critical portions of DNA that harbor growth-suppressing elements.
In conclusion, on the basis of high-resolution 3p allelotyping in microdissected breast cancers and their preneoplastic foci, we were able to demonstrate that there are at least nine discrete intervals of discontinuous LOH located along the entire short arm of chromosome 3p. LOH on chromosome 3p is not only frequent in IBCs, but also in the earliest preneoplastic epithelial lesions such as UEH and AM, besides DCIS. In the majority of instances, there is a demonstrable clonal relatedness between the tumor and the preneoplastic epithelium, suggesting that chromosome 3p allele loss is a nonrandom event that probably plays an important role in the multistep pathogenesis of breast cancers. It is anticipated that the current study will facilitate positional cloning of additional TSGs important in carcinogenesis, whereas ongoing functional studies will better elucidate the mechanism of inactivation of the various candidate TSGs on chromosome 3p.
